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Abstract

An impioved reflection technique has been introduced to permit more accurate
measurements of material optical constants & and f3, the density p, and fiom these the atomic
scattering factors f'and f". Regions of normal and anomolous dispetsion can be raeasured
with resolving power 1000 or larger using a pottable reflectometer that is moved to any of
three beamlines at NSIS or two at CHESS.  Hewein the reflectometer and measurement
techniques are described together with sample characteristics and preliminary results for the
Ni LIl edge and the M cdges of Au, Pt, and It The primary accuracy limiting factors are
density determination, accumulation of suiface oxides or carbonaceous deposits, and
syuchrotton oabit stability - Each sample must be prepared fin the specitic energy range to be
measured so that model fitting routines have ihe minimum possible number of five vanables

L. iNTRODUCTION

This conference brings forth several applications of the need for retishle measurements of
material optical ceastants § and 3, fiom which atomic scattenng: factors £ and £ " may be
detived  There are additional applications in - astrophysics,  high temperatue  plasma
diagnostics, and synchrotion a-ray optics to mune but a few  In these fields there is a special
need for improved acenracy measutements of ' and £ " for newly every element over the
tange 10 eV 1o 5000 ¢V

Reflection of xiays fiom surlaces is desciibed by the well known Fresnel equations in terms
of the compley index ol reliaction n 1 -8 - i} Materal optical constants & end {§ e
needed in some applications, while in others it is the atomic constants £ and f " m the atomie
scattering factor £ £+ 00 i) " that we reguined  Most oflen the absorption paet o /"



is exnresscd in terms of the mass absniption coeflicient pw/p.  These terms sre related for
cnergy E (in eV) by

Wwp = 1.0135 x 103 Ep/p = 4.20784 x 107 £ “/AE
f'=24086x 10-3 E2 (A/p) 8- 2

where p is density, A is atomic weight, and Z is atomic number, all pertaining to the reflecting
layer. Note that although 5 and [} may be obtained as material constants by fitting a8 model to
the reflectivity curve, one must independently determine the density p in order to specify jUp
or f' .Also note that f* obtained from & will be an experimenially derived number that
includes all relativistic and quadrepole terms in theoretical expressions

A new progiam to detive these "constants” fiom minonr reflectivity measurements at
syncliotrons is herein reported  The reflectometer, samples, and measuring technique are
outlined along with some preliminary results on the Ni LI and 15, Pt, and Au M edge regions

2. MEASUREMENT PROGRAM

Reflectance measurements over the wide range of encigies desited for optical constants
require some special design features  Adjustable slits, with low scatter  and 1eflection
properties while being opaque to hard xiays, are required belore the minor and at the
detestor, as shown in Figure 1 Detector and mitror sample must be otatable independently
o1
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together nround a common anis — Angular pocutacy at higher energies must be about one aie
seg, fin the sample relative to the synciotion beaan, which in tom st not change direction
by mo:e than one are see due to othit shils — Re aligmment after othit shifts must be rapid
winle under vacaum A beam flun montor srust be located between the sample and the
ietlectometer entianee shit e sample must be capable of being moved ot of the beaun and



returned accurately 1o the axis of rotation  Samples must be imerchangeable on the hoelder to
one arc sec reproducibility  With the sample removed and the detector at the direct beam
position the detector must be nommalized relative (o the monitor over ol eneigics to be
measured. All operations must be under computer control and executable in a time less than
the oibit stability lifetime (usually the relill period)  All of these capabilities are provided in
vacuum, including internal 1eflectometer alignment and alignment to the xiay beam. ‘The latter
is most ciitical because intermittent orbit shifls cause a change of zero angle of the sample to
the beam

The zero angle is determined by the method introduced by Siegb.ahm and Lanson for x-ray
tube specuographs and used also by Bond for precision lattice constant determinations | 1]
‘The dispersion plane is horizontal 1o meet some of the above criteria  Application of the
Lairsen’Bond method involves measurement of reflectance versus angle symmetrically aboul
the beam direction, fust with the saiple set to deflect the beam left, then repeated with
deflection to the right  Aller one plot is inverted across the beam direction, the amount of
shit to make the two overlap is the zero enor, which may be conected immediately in the
sollwaie o subsequently in the dita amaly-is - Shown in Figure 2 aie overlays of two such
angle scans afler myersion but witheut any shift  This example checked orbit stability, which

.. Au at 2247 eV
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changed tess than one motor step (09 are sec) since the Lt ahigoment The dedine of
reflectivity above the criteal angle aod the interference o itlations are compared as the shift is
incremented until the rms diflerence is mmimeed

Internal retlectometer alipnment is executed by a8 minture of mechamenl and optical
techingques [ 2] Aligoment o ve alhignment (o the syachiotton beam sequies a combmation of
el sipght angle scans and tanslation aeross the bean A simpie geometiical alpomhm can be
worhed out for cach beam hine  Alipnment checks tin ot shilts can be done after eachdata
tin on anple scans, i necessay OF o0 oae comequence me Hlus chanpes gosang
monochiomator enetpy seans that do not nomahze away ot the 01 percent level in
rellectivinn Work continues on solvi this prob'em



Commercially availuble Si PIN diodes me used without bias fr both beam monitor ond
reflectance detector - Noroualesation is accomplished by the following steps Wt the s
removed fiom the beam path the detecton and monitor are alipned 1o the ditect beam o
each eneigy position of the monochromator, measurements ere taken aheiately with monitor
and detector for cross calibration, referted to as a rormalization scan  Next the mutor sample
is placed in the beam path and a reflectance scan is performed versus sample grazine angle 0
while the detector is iached at 20 At cach ang 'e position measurements are taken alternately
with the detector and monitor - Then the 1eflectivity versus angle is

R(0) = [IXOVNS] [n(E)'du) )]

where D and M aie detector and mouniton diode signals fiom the reflectance scan, and d and m
we the same for the notmalization scan at the encrgy of the angular scan  For reflectivity
veisus eneigy at fixed angle R(E) is obtained fiom measuroments D) and M(«f) using the
sune encrgy scan range for nonnalization and retlectance scans  Because the beam {lux can
change significantly in the 10 seconds between monitor and detector measurements, data
quality will be improved by development of a Si mesh detector that can be lefl in the beam at
all vimies  This detector would also reduce scan times a factor two or mote Sample ¢onditior
and changes widh time are of paamount importance to this methoed (‘md to other methods as
well)  For the work reported here each minor had a zetodut substiate ox1 Sx1 inches with
one onl 5 inches surlace polished and coated  Substiates were polehed o 1710 wase flatness
and less than § A mms mictoroughness, meared by optical intetferometty Al samples
mwluded a SO A binding Linver of Cr between the zerodur and coatingg Coatines were nude by
evapotation or sputtering o 300 A thichness Murors were stered in plastic containers in diy
nittogen when not in use  Dust was blown ol with a pute nittogen spraver just belore
eviacuation of the reflectonwter Pypoare (oo joom an was allowed duing mounting
procedures

Afler a sample has been mounte T and aligned the experiment proceals with a combination
of energy and angle scans  As pointed ot by Lengeler [4], absorption edpes st with
chemical effects and monochiomators ollen have fess than eptimum: energy calitration
Fnergy scans locate and clanify features in the minor rellectance spectium Anple seans can
then be made at identifiable points i the sellectan ¢ specttnm One derives fiom the anple
scany not only the optical constants but gl cancal infoirmation about density, <oty
ioughness, thichness, ol surface contamination [4]  ‘The primany interest is in optical
comtants fiom SO ¢V o SoteV, therefore, angle measmrements sound 7 10 15 heV are used
primatily to evaluate sample dendity in a region of normal dspersion where the oplical
coastants e alicwdy well known  This step was not completed on the samples seported
heiein Present results are prehmimy and may later be refined

3. PRUELIMINARY RESULLS O0N Ni LI Y DGl

Ligire 3 shows an energy sean at fised angle (14809 nuad) for a Noosample that bas acquied
some st lace osnlation as seen by the O R edpee at S8 e\ Data were taken on bean hoe
U0 e NMES wath filters (o reduce hismmomes and stoay ligle NiLHL VL and U] edpes are



clemly evident  The scatter of duta points is much worse on the UV ting than on the x-1ay
ring for some reasons that will be addiessed in the fiture  Detailed encrgy seans of the LI
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repion were made at monochiomator slit settings lin 1esolving powers of 300 to 1000 No
change could be discerned in the widih or shape ol the LI ieflectivity dip fin resolving
pover =500 The LI edge encigy agrecs with the election binding encigy 8527 eV A
single sean is wiven in Uigure |4 on which the enegies of the angle scar < can be identitied by
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counting the 1 ¢V steps from the lowest point at 852 ¢V Figine § shows these angle scans,
which dlustiate the chanpes in reflecinvity anves with 8 and | At 800 ¢V whete b s low
befe the edpe one pots & conneal anple cutoll” and lugh anple oscillations fiom the
interferem e of nays 1eflected fiom the sutbace with thove reflected fiom the subsirate (in this
vase the Cr Liver ix the ellectine sabstiate)  As the encrpy incieases thiough the edye, )
increases causimg both a decrease of the teflecnaty below the entcal angle and damping off
the osaillavons R becomes almesd concave up al the THE edpe (852 eV on this
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monochiomatar).  As B continues to increase above the edge the oscilltions are completely
dumped, because the rays penetrate less than the Ni layer thickness, while the cutves regain a
concave down shape as d increase with encrsy above an edge

To achieve good semsitivity on & and [}, use of the maximum possible angle range for
Fresnel equation fitting is preferable.  Roughness then becomes a key paramcter because it
also causes damping of oscillations and reduces R(0) at laige angles A computer fitting
program loaned by David Windt [5] includes roughuess and allows for an overlayer and
substrate  Unfortunately, this program has not yet been modifie io use the improved
roughness model of Stanglmeier et al [6] Moieover, the Ni and Av samples were used so
extensively in vacuum with syn:hrotron bewm illumination that thin surface layers of carbon
bu:it up on them, requiting a four layer model. With so many parameters (up to 17) that may
be varied the program can converge on a local minimum in chi-squared or sometimes fail to
comveine  Therefore, the analysis was restricted to the range RU) > 0.1 where the roughness
couid be set to zero. For these 1easons the present tesults are only approximate. ‘They are
included to ilustrate the general applicability of reflectivity analysis in the energy region S0 ¢V
to 5 kel

Table 1 contains the best fit values of £ and wp for the six energies of Figute S, along with
the x2rdegrees of fivedom for the best fits, values of f | and f3 for ditect compatison to the
Henhe tables [ 7], and gup foi four points where we overiap with reference [R)

Tabic
Scatienng factors mthe Ni LI region ROO to 850 ¢V

— —

Faeryy (eV) H I’ I» np iy |[R) x:-‘.l)()l-'
(cl) (cl) (cl) (_un?-.'gm) (cm=/gin)

Root below 1 HI edgwe 75 A 2 R R R
BAS st T HI edpe 40 -2 2411 MERE! 191
807 ecieasing o SRR | SR 2181 JOOR 020
RS2 new edpee eneipy 47 -7 740 62213 (AT 11 Oo:X

BSS et man " b ~Din 1707 |BRILE) RITRIL 9; L
Rov between ! HEand 1T H Toe 174 Aol AR LRI R

7170

B o should apuee with tabobied salue [ 7] 2037

The aecwrecy of £ 0 estimaded o be 3 eleciions amd pegeoas eimated (o be 120 percent
At OO eV the tabwlated salue {71 o jrpvoas the bea available - it s nine percent below the
value m Table T Thes fevel of apreement is satistactony because the sample was analy 2ed with
v hision of an oside Lver but not with a probable cartben iver, nor swaith any acconunt ol
naptation of seene oxnnde o the anam M lver A N density of 89202 wis wad The



remaining J/p values in Table 1 may be compared to the only measured values known to us
[8] Afler a shill of v eneigy scale by 0.7 eV 10 match ref [8), the agieement is within
combined uncertainty estimates fon w/p

4. PRLLIMINARY RESULTS ON Ir, Pt, AND Au M EDGLS

Daty were taken on beam line X8BA at NSLS with 8i (111) in a two crystal monocluomator.
All five M edges have been included in enerey scans of Ir, P1, and Au over the range 2000 1o
3500 ¢V as shown in Figure 6. Both sputtered and electron beam evaporated samples of Au
showed the same M edpe features  Ir and Pt showed the same features except for
displacement in energy. Scan steps of leV were used near edyes; i e the minima in Figure 6.

1 o (= P ———— = Ty N agee Y= T —ay =y ==y
w 08
o 0.6 TTThTerT T J Figuie 6. Reflecunity versus eneigy In
E') oo order fiom top down sputtered Au at 7 85
uf 0.4 . mrad, e-beam evaporated Au at 9.22 nuad,
ﬂj ¢-beam Pt at 120 nuad, and e-beam It at
L 0.2 14.9 nuad

0.0

2000 2500  A000 3500
PHOTON ENFRGY (eV)

Obvious bad points (see 2488 and 3417 eV on the two Au seans) ae associated with
monochiomator glitches that are not ieneved by normalization  These may be ipnoied  The
overall quality of these data is much better than the Ni data from the UV ring XAFS featuies

02 percent are icproducible in reflectivity cunves of all thice materials  There is evidenee of
white line wbhsorption on the ML edge of b and Pt, consistent with the photogiaphic
observations of Rogers [9)

In order to get a feel fin the optical constants over the entite M edpe 1 gion scans were
made at six angles 0« 0, where Og is the aiticel gasing angle of incidence  These were
ticated As o-point angl. scans at every point in the energy seans  Results fin " and p aie
piven in Figuie 7 En Au - One cannet quu high accuracy fiom fits to curves with only xix
points and four degrees of freedom  xHDOF ranpes fiom 0 SH o SM, excepl wheie
obvious false trends ocem  One noisy notmalization scan was iesponsible for this  Inflection
points on the ju/p plot have been used 1o identify the M edpe energies  For sl grazing
angles -, 15 miad the inflecton points in u'p coicide with the minima in 1eflectivity, which
ae better delined for the M and M1 edpes than £ o p/p

Results for the M edpe encrpies me presented in Table 2, where 8 disciepaney = 40 eV
cnists between the election spectioscopy linding encrpics |IU| and the  ray spectinscopic
cdpe encipes [9, 11, 12] for the MIV und MV edpes  Several system checks contiom the
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Figwe 7 Scattering faciors for Au fiom 6-point angle scans st cach encigy  Note that
minima in f ' coincide with *inflection points® in p/p

values he:cin and suggest the difference must be 1esolved thiough atomic physics of Au, P,
and Ir regarding these two edpes

These edge encipy discicpancies conttibute 1o some divergence between our data in Figute
7 and the Henhe tables | 7] Therefore, we selected 16 cuergy points between 2150 eV and
6400 ¢V lor lung angle scans to provide an improved set of scatterizg factors  These were
analyzed in the same manner as the Ni L1 angle scans, namely, the region R(0)) > 0 2 was
used, all interface roughnesses were set to zeto, a cabon overlayer was sllowed with
adjustable thickness, paramenters fin the Cr binding layer and substiate were held fixed, and
the Au layer was allowed to vary in thickness as well as 8 and B Solutions wete dependent
on initial conditions, which in some cases had to be adiusted to achieve convergent solutions
Several alteinative approaches io the variables and iitial conditions wete tricd — From the
tange of lits obtuined we estimate the accunaey of these preliminany resulis (o be + S pereent



on § and + 10 peicent on . In the conversion fiom § and [} to f ' and /p a density of 19.32
gm,’cin3 was uscd, since we have not yet been able to use the higher enetgy beam line to
evaluate the Au density independently. Results on f ' and j/p for one Au sample are given in
Table 3 for the 16 energies where angle scans wete performed  The uncertainty in f ' i
estimated to be 1 2 ¢lectrons.

Table 2
M edge energies in eV for Ir, Pt, and Au

Edpe Electron spectroscopy binding encrgy [ 10] / X-ray spectroscopy edge energy
Ir Pt Au

MV 204072002 1L 8 2122/214 45 2206/2247 1t 5
- 2171 (11} 2252 {11}
2080  [9) 2162 (9] 2245 [12]

M1V 21167216145 2202/2248 £ § 2291 /23305
~ 2152 |11} 2133 [11}
2155 Y] 2238 [9) -

MIl 2551 /25551 & 20:45/2052 1 § 2743/2748 ¢ 5
-- 2051 L) 2755 11}
25506 9] 2053 19) -

Mii 2909 /29174 8 3020/3037 ¢t § IR/ LIRS
2004 [9] s 1] --

MI 2473193 1 10 1206/33154 10 JA25/3428 1 10
- LRI R | M4 ]
- 317 [9] -

5. DISCUSSION

——— ——— ————— n———

X-1ay spectoscopic edpe encigies niee with election spectioseepy binding encrgies for
thice Ni L. edpes and three of five M edges for I, P, and Ao The didlerence of 40 to S0 eV
for the MV and MIV edges of I, P, omd Au must be explained thiough atomic physics tather

than eaperimental e

edges

Theie is no evidence of white line absorption on the MV and MIV



Takle 3

Scarzering factors in the Au M region and higher

ENERGY 5/ 52 B/ Byyd fd u/pb 22/ DOF
(eV) (1E-4) (1IE-5) (electrons) (cm2/gm)

2150 *Below MV edge 364/25 7.54/2.99 -37.7 850 1.45/30
2220 Begin increasing MV 27570.84 2771263 45.7 847 26/24
2247 MVedge =.82/233 144/192 478 1697 1.2/21
22914 XAFS berween MV and MTIV =73/230 16.36 /258 -43.7 1969 8.5/22
2316 Before ( nise to MIV edice 246/2.88 15.66/28.4 -46.6 1903 40/20
2330 MIV edie 247/298 1737278 -46.1 2115 34/19
2357 Above MIV ecge. P risiny 272/ 12 17.4/27.0 421 2145 3.25/21
2370 Max M 0 278/526 184/26.2 -4C.7 228R 36/21
400 In MIV XAFS 288/354 17.4725.1 -38.3 2191 18.4/22
2220 In MIV XAFS 298/3.42 168/225 -34.0 2186 12.6/22
25800 *Smooth reg brwr MIV&AMIII 286/332 1487192 -31.5 2019 40/23
2720 Beforenise of MIIL B 264/304 12.7/1€6 -31.0 1812 0.35/21
3500 *Smcoth reg brwn MII&MIT 247/2.86 11.1/13.6 -24.4 1747 0.61/20
3125 Beforeriseof MII L 233,268 103/12¢0 -23.1 1689 0.27/20
SO0 "Away Fom edges 1.15/122 2.5%, 261 -8.40 676 07378
€400 *Sensitive to Cr binding layver 727075 1.13/1.09 -6.58 379 0.125/5

* values should agree with tabu'arions for B in [7]

3 314 not useful 2150 to ~ 3500 e\, Py not useful near edges

b basedcnp=1932



It has become routine to comnars low energy scattering factors with the Henke tables
because they represent a semi-empirical compilation of available data. One expects o obtain
:300d Wp values from the Henke tables just below and well above an absorption edge. The Ni
data at 300 eV presented here agree within estimated experimental error, thus giving
confidence in the values in the LIII edge region. This confidence is further enhanced by the
agreement with ref. [8] at four points within the LIII resunance feature. A signilicant
diffcrence at 2150 and 2220 eV for Au is at least in part explained by the edge encigy
discrepancy. The present results at 5000 and 6400 eV agree with Henke tables within 3 5
percent. The remaining values within the M region cannot be given the same accuracy
edimiale, because the values are very sensitive to initial conditions and model parameters in
the fitting routine. At least the reflectivity program for optical constants in the 50 eV to 5
keV range has been proven realistic.
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